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ABSTRACT
BRIAN MICHAEL SPURLOCK: Synthesis of an Unsymmetrical CCC-NHC Pincer
Ligand Precursor (Under the direction of Daniell Mattern)

The purpose of this study was to synthesize a 3-butyl-1-(3-(3-butyl-1H-imidazol-3-ium1-yl)phenyl)-4,5-dichloro-1H-imidazol-3-ium salt using an Ullmann-type copper
coupling reaction. This salt would subsequently be metallated and evaluated for C-H
bond activation and luminescence. However, NMR and MS spectra did not show
evidence of conversion to the desired product under standard conditions so a model
reaction was designed making use of recent findings concerning the Ullmann-type
coupling of imidazoles to aryl halides. Specifically, an activated aryl halide with a larger
leaving group was used with a more soluble base and a ligand for the copper. The
desired product appears by ESI-MS to have been present in the mixture of products at
very low yields. This allowed us to make recommendations about future research.
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LIST OF ABBREVIATIONS
NHC:

N-Heterocyclic carbene

OLED:

Organic light-emitting diode

DMSO:

Dimethylsulfoxide

TLC:

Thin-layer chromatography

NMR:

Nuclear magnetic resonance

MS:

Mass spectrometry

ESI-MS:

Electrospray ionization mass spectrometry

IPA:

Isopropyl alcohol

DCM:

Dichloromethane
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Introduction
In this document, attempts at the synthesis of an unsymmetrical CCC-NHC pincer ligand
precursor are discussed. In order to describe the synthesis and potential applications of
this compound, it is necessary to first give brief introductions to carbene and pincer
complex chemistries and to describe their uses in catalysis, luminescence, medicine, and
functional materials.
Carbene: Divalent Carbon
A carbene is a compound containing a neutral, divalent carbon atom in the form of :CR2.
The R-C-R angles of carbenes exist along the continuum from linear to bent. The
extremes can be seen in the Walsh Diagram in Figure 1, taking the methylene molecule
(:CH2) as the prototypical carbene. Methylene has six electrons in its valence shell. Four
of those occupy the molecular orbitals denoted A and B. The remaining two electrons
can either fill one or partially fill both of the C and D orbitals.
The latter two orbitals are fairly close in energy, to the point of being entirely degenerate
in the linear conformation, which means that carbenes can exist in four spin states, a
triplet and three singlet states. If the electrons are singly occupying both orbitals C and D
and have the same spin (s=+½), then the spin state of the system is S=1 and the
multiplicity is ms=3 (as shown in Equations 1 and 2). This is the triplet state denoted 3B1,
and it is more likely to be the ground state of the system at larger R-C-R angles because
the C and D orbitals are closer in energy (less than 35 kcal/mol separation). Hund’s Rule
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of Maximum Multiplicity predicts that if orbitals of similar energy are available, one
electron will fill each orbital before a second electron fills any one orbital. If, conversely,
both electrons are filling the lower energy C orbital, the spin state of the system will be
S=0 and the multiplicity will be ms=1 (Equations 3 and 4). This is one of the singlet
states denoted 1A1, and is the ground state for carbenes with smaller R-C-R angles (C-D
orbital separations of at least 46 kcal/mol). There are also two excited singlet states
worth mentioning: the 1B1, in which the two electrons are in different orbitals and have
different spins, and the other 1A1, in which both electrons in question occupy the D
orbital. It has been experimentally determined that the ground state of methylene is the
triplet state (H-C-H˚=136˚), which is favored over the singlet state (H-C-H˚=105˚) by
around 9 kcal/mol.1,2

Equation 1: S = ½ + ½ = 1
Equation 2: ms = 2S + 1 = 3
Equation 3: S = ½ + -½ = 0
Equation 4: ms = 2S + 1 = 1

The ground spin state is important to the reactivity of a carbene. Singlet carbenes are
usually considered ambiphilic because of their electrophilic empty orbital and
nucleophilic lone pair, while triplet carbenes generally behave as diradicals.2 The triplet
state is the ground state for all simple dialkyl carbenes, but for more complex systems, it
is often the substituents which determine the ground state of the molecule.1
Electronegative substituents tend to favor the singlet state as the ground state because
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their σ-electron-withdrawing effect inductively stabilizes the C-orbital without affecting
the D-orbital, increasing the C-D gap. Mesomeric effects also impact the ground state.
Substituents with π-electron-donating character (-F, -Cl, -NR2, -OR, etc.) tend to increase
the energy of the D orbital without changing C, favoring a bent singlet ground state.
Substituents that are π-electron-withdrawing (-COR, -CN, -BR2, etc.) tend to stabilize C
without affecting D and so generally favor a linear singlet ground state. Bulky
substituents with steric effects that force a particular R-C-R angle can impact the ground
state in the absence of electronic effects. Carbenes with larger R-C-R angles tend to have
a triplet ground state, and those with smaller R-C-R angles tend to have a singlet ground
state.2
Carbenes: History
Attempts to understand and describe neutral, divalent carbon species began in the
nineteenth century. Chemists like Dumas believed they would find them in complexes.
In 1835, he attempted to dry methanol, which he believed to be the hydrate of methylene
(CH2 ● H2O).3 Curtius in 1885, Staudinger in 1912, and many others discovered
mechanisms that are believed to proceed through carbene intermediates, but these
intermediates were transient and never isolated.2
In the 1950s, Doering investigated carbene intermediates in Buchner acid reactions as
well as the mechanism of methylene insertion into C-H bonds.4 Then, in 1964, Fischer
introduced carbenes into organometallic chemistry with alkoxycarbene complexes that he
was unable to isolate.5 Later that decade in 1968, Wanzlick and Ӧfele were
independently able to synthesize and trap (though not isolate) the first N-heterocyclic
carbene, a compound in which the carbene carbon is part of a cyclic structure and bonded
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to a nitrogen atom within the ring.6 Wanzlick worked with imidazoline, imidazole, and
triazole derivatives, correctly hypothesizing that the adjacent amino groups would help
stabilize a carbene to make it isolable.3,4
Throughout this time, carbenes were largely considered academic curiosities. Many
believed they only existed as the highly reactive intermediates that had so far been
observed and that even if Wanzlick and his contemporary eccentrics were successful in
synthesizing and isolating a free carbene, it would not have any practical use. Some
budding chemists, one of whom was Arduengo, were actively discouraged from pursuing
research into carbenes.3 Arduengo suggests that this is because, before the late twentieth
century, there was a notion in organic chemistry that a molecule’s identity was how it
behaved. In keeping with this notion, it seemed ludicrous that such highly reactive
species as carbenes could be stable even in an inert atmosphere, much less in air. Many
believed that, even if such a compound could be isolated, the carbene carbon would be so
basic that it would spontaneously decompose or react indiscriminately.3,4 This belief was
challenged and ultimately proved false starting in 1988 when Bertrand isolated the first
stable carbene, a phosphino-silyl species.6 Then, in 1991, Arduengo synthesized and
isolated the first stable, free NHC, 1,3-di(adamantyl)imidazol-2-ylidene (IAd).6 For
nearly a quarter of a century, the chemistry of carbenes has been building momentum.
They have transitioned from rarely studied curiosities to the point where it would be
difficult to find an issue of an organic chemistry publication that did not contain at least
one article utilizing a carbene.
In organometallic chemistry, three types of carbene complexes are utilized. The first are
called Fischer-type complexes. In these, the carbene donates electron density to an
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unoccupied orbital of the metal (direct donor action) while the metal simultaneously
donates electron density to an unoccupied orbital of the carbene (reverse donor action).
These complexes tend to have a great deal of double bond character. Ambiphilic
carbenes tend to make Fischer-type complexes. The second type are the ArduengoWanzlick-type complexes, in which the p-orbital of the carbene carbon is part of an
aromatic π-system, precluding reverse donor action. The C-M bonds in these complexes
have little to no double bond character. The final type, Schrock-type complexes, have CM bonds that are nearly covalent because the metal shares its unpaired electrons with
triplet state carbenes.6 The precursor discussed in the present work is intended to make
an Arduengo-Wanzlick-type NHC complex.
Pincer Complexes
A pincer complex consists of a metal coordinated to three arms of a tridentate ligand.
Pincer compounds have many uses, but their most ubiquitous is in catalysis. Because
most of the metal is protected by the ligand, reagents can only interact with it in a narrow
region of space. This allows these catalysts to be very specific, with the types of catalysis
each compound will perform being largely determined by the structure of the pincer
ligand. Types of pincer complexes are named by the atoms coordinated to the metal. For
example, a complex where the metal is attached to the carbons of two imidazolyl
substituents of a pyridine, as well as to the nitrogen of the pyridine, would be called a
CNC pincer complex. The first pincer complex was isolated in 1976 by Shaw, who used
a PCP complex with nickel, palladium, platinum, rhodium, and iridium.7 The first
carbene pincer was synthesized in 1981, also by Shaw. It was made with iridium and a
1,5-bis(R-phosphino)3-pentylidene ligand.8 However, the first NHC pincer compound
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was not synthesized until 2001 by Crabtree, et al. He developed several CCC- and CNCNHC complexes using palladium.9
Copper Coupling
The synthesis of N-aryl imidazoles and benzimidazoles has traditionally been
accomplished through one of two methods: nucleophilic aromatic substitution of an
activated aryl halide, using the imidazole as the nucleophile, or by an Ullmann reaction, a
copper-mediated coupling of the imidazole with an aryl halide (generally an iodide).
Both of these methods face limitations. The nucleophilic aromatic substitutions require
activated aryl halides, which means they must contain strongly electron withdrawing
functional groups. The Ullmann reaction limits possible reactants with its harsh
conditions. Reactions often must be submitted to temperatures of 150-200 ˚C, and any
functional group that cannot tolerate those temperatures is necessarily excluded.
Attempts at milder transition metal catalyzed cross-coupling of the imidazolyl and aryl
reagents often require different aryl reagents (e.g. arylboronic acid) that can be more
toxic and more difficult to prepare than the readily available aryl halides. In 2007,
Buchwald reported that the use of several electron-rich ligands to stabilize the copper
intermediates was able to increase yields and reaction rates, allowing for milder
conditions. A list of the ligands evaluated by Buchwald can be seen in Figure 2. The
ligand that performed the best in systems using a 4(5)-substituted imidazole was 8hydroxyquinoline L6. This was utilized in a test reaction in the current work for a 4,5substituted imidazole, though this condition was not specifically evaluated by Buchwald.
Buchwald also suggested that activated aryl halides would perform better for this
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coupling. The mechanism for a copper-mediated coupling of this type is not well
understood, but a possible catalytic cycle is shown in Figure 3.10
Applications
The literature for potential uses of NHCs is very robust. They are most commonly
reported as catalysts, but many are also being used or evaluated for luminescence,
medicine, and functional materials. In catalysis, carbenes are often used in reactions that
traditionally called for phosphine ylides. This is because carbenes are stronger σ-donors
than phosphine ylides and because carbene complexes are often more stable than their
phosphine counterparts, opening them to a wider range of catalytic functions.11
Carbenes in general have a long history of catalysis in various transesterifications and
benzoin condensations ,12 but NHC metal complexes have much broader, often little
understood, applications apart from these two areas.
Applications: Catalysis
There are relatively few examples of early transition metal carbene catalysts. A notable
example was reported in 2003 by Gibson wherein he was able to use certain chromium
(III) complexes containing CNC-NHC pincer ligands as precatalysts in ethylene
oligomerization.13
Several catalytic studies in the last decade have focused on Group 8 complexes. Several
ruthenium complexes have been reported that act as catalysts in the reduction of multiple
bonds (C=C, C=O, C=N, etc.) by hydrogen transfer from simple alcohols such as 2propanol. This can usually be accomplished without exclusion of air. Other ruthenium
complexes have been effective in the opposite reaction, the Oppenauer oxidation of
alcohols, which results in carbonyls. 12 Still others are effective catalysts in direct H2-
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mediated hydrogenations.14 Ruthenium NHCs can also oxidize cyclic olefins to
aldehydes with high selectivity for the dialdehyde.13 Lastly, the Grubbs second
generation catalyst, which won Grubbs the 2005 Nobel Prize in chemistry for its ability
to catalyze olefin metathesis, olefin isomerization, and diene cycloisomerization, is a
ruthenium NHC. Also in Group 8, a CCC-NHC iridium complex has been shown to be
effective in intramolecular hydroaminations of unactivated alkenes,14 iridium and
rhenium complexes have been used to catalyze hydrosilylations, and cobalt (I) complexes
have proven effective at activating small molecules (e.g. transferring an oxygen atom to
organic electrophiles by reacting with elemental oxygen).13
Group 10 carbene complexes are useful catalysts for a variety of coupling reactions.
Palladium complexes are often useful in increasing the rate and yield of the Suzuki
coupling of aryl halides. A palladium bis-dentate tetracarbene has demonstrated promise
as a Heck coupling precatalyst. Palladium and platinum (II) complexes have been
synthesized for catalysis of the Fujiwara coupling of arenes with alkynes and for
activating methane. Nickel (II) complexes have been useful in Heck, Grignard, and
Suzuki couplings of aryl halides, and a nickel (0) complex has been used in C-S coupling
reactions.13 Finally, several Group 10 complexes can catalyze the hydrodehalogenation
of haloarenes, with palladium complexes being the most effective.12
Many NHC complexes have been reported for Group 11 metals, but the most promising
catalysts appear to be certain copper complexes useful in Ullmann-type arylations.13
Applications: Luminescence
In addition to catalysis, NHCs are important compounds in the toolbox for organic light
emitting diodes (OLEDs). NHCs can phosphoresce in a variety of different colors,
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depending on the metal, the structure of the NHC ligand, and other ligands coordinated to
the metal. The most sought-after phosphorescent compounds for OLEDs are the blueemitters, which are fairly rare. Several NHC complexes have been synthesized that fit
into this category. They tend to exhibit higher luminescent quantum yields than their
pyrazolyl-based analogs, and their lifetimes in polystyrene films tend to be longer than
related compounds. This suggests a potential effectiveness in OLEDs. The reason for
this effectiveness is that the carbene ligand destabilizes otherwise non-emissive states.
Several iridium and platinum complexes have been synthesized that are blue and deep
blue emitters with acceptable to high quantum yields. Figure 4 offers some examples.15
Applications: Medicine
A third area where NHC complexes have proven useful is medicine. Many NHC
complexes have shown promise as antimicrobial or antitumor agents. The most
promising antimicrobials are the silver (I) complexes. The antimicrobial properties of
silver have long been known though the exact mechanism by which the metal operates is
little understood. There are three leading hypotheses as to its method of action within
microbial cells. The first is that it interacts with thiols to deactivate several enzymes.
This leads to DNA being unable to effectively replicate as well as structural damage to
the bacterial cell wall. The second is that it inhibits the respiratory chain, and
experiments with E. coli seem to suggest that this, at least, does occur. The last is that it
binds directly to DNA, making it unreadable.16 Whether any or all of these mechanisms
actually occur, it still follows that the highest toxicity to the microbial cells comes from
long term exposure. This is why carbene complexes are being evaluated for antibacterial
and antifungal properties. The carbon-metal bond has some covalent character, making it

9

stronger than ionic silver complexes. This means the release of silver will happen more
slowly, and the antimicrobial character will be higher. This is borne out experimentally,
especially against a bacterial strain called Burkholdaria, a pathogen that could potentially
be used in biological warfare. The effectiveness of silver NHC complexes can be
increased by polymerizing them through electrospinning, since polymers release the
silver even more slowly. Toxicity to humans may be reduced by using biocompatible
compounds containing imidazoles as the carbene ligand precursors. Currently, the most
promising of these molecules is a caffeine derivative.15 Other carbene complexes, such
as some gold complexes, are known to have antimicrobial activity, and some carbene
precursors (the imidazolium salts) have also shown antimicrobial activity. In the latter,
effectiveness varies with the length of the N-alkyl chain. These molecules are most
effective with intermediate length chains. Nonetheless, silver complexes remain the most
promising future carbene antimicrobials because of their effectiveness, their history, and
their relatively low toxicity to humans.16
In contrast, several different metal complexes exhibit promising antitumor properties.
Notably, certain palladium, copper, silver, and gold complexes display antitumor activity
that surpasses cisplatin for certain cell lines. Palladium NHCs exhibit a mechanism
similar to cisplatin. They form intrastrand cross-links in the DNA, making it unreadable.
Selectivity for tumor cells is simply because they are the fastest growing. These
complexes cause apoptosis after arresting cell activity in the G2 phase of the cell
cycle.15,16 Copper complexes cause metal-induced apoptosis. Research into silver
complexes tends to focus on making current silver-based tumor treatments more
biocompatible to reduce side effects. Gold complexes induce mitochondrial apoptosis,
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which makes them more highly tumor cell selective.15 In addition, ruthenium complexes
are also being evaluated for antitumor activity. Ruthenium (III) complexes have been
shown to increase life span and reduce tumor weight in test animals. Ruthenium (II)
complexes are less active antitumor agents, but they are more selective and less toxic.
Ruthenium can replace iron in the plasma glyoprotein transferrin, and since tumor cells
require more iron than healthy cells, these complexes can be selectively carried to tumor
cells by apotransferrin (the unbound form of the protein). Ruthenium (III) complexes are
then thought to be reduced to ruthenium (II) in vivo by reducing enzymes because the
latter will bind better in the low oxygen environment of a tumor cell. The complexes
then cause interstrand cross-linking in DNA, making it unreadable and killing the cell.16
Applications: Functional Materials
The final major application of NHC complexes is in materials science, specifically in the
development of liquid crystalline materials and NHC complex polymers. Amphiphilic
NHC complexes have been synthesized that arrange themselves into liquid crystals.
These crystals are often exceptionally stable due to the covalent character of the carbene
carbon-metal bond. In addition to possessing features of academic interest, these crystals
can serve as gelators for many organic solvents as well as certain ionic liquids.
Polymers of NHC metal complexes have been developed that show promise as
multifunctional materials. Ultimately, research in this area could lead to the development
of conducting molecular wires due to the electronic linking of metal atoms in mixedvalence species. Thus far, evaluation of metal-metal electronic communication in these
polymers shows that communication is not high enough for an effective wire. However,
better communication is achieved when the links are connected through the ligand
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nitrogen atoms rather than through the carbon backbone. Polymers linked in this way are
being adjusted to maximize communication, and some promising candidates have been
synthesized. NHC complex polymers have been developed with masses of up to 2000
kDa that are thermally stable up to 300 ˚C and exhibit self-healing properties.15
Hollis Architecture
Much of the chemistry of the Hollis lab consists of developing CCC-NHC ligands related
to the 1,1'-(1,3-phenylene)bis(3-butyl-1H-imidazol-3-ium) salt H1 (Figure 5) originally
developed in a 2005 collaboration with Adavan, Bauer, Letko, and Tham. Once
metallated, this ligand uses the carbenes as σ donors in meridional metal pincer
complexes.17 Figure 5 gives some examples of NHC complexes developed by the Hollis
group, including an early transition metal tantalum complex H218 and a blue emitter
H319. Many of these structures are effective in catalyzing aryl aminations,
hydrosilylations, and hydroformylations, and many are being evaluated for effectiveness
in OLEDs. The ligand that is the focus of the current work, the 3-butyl-1-(3-(3-butyl-1Himidazol-3-ium-1-yl)phenyl)-4,5-dichloro-1H-imidazol-3-ium salt C5 (Figure 6), will,
once successfully isolated and metallated, need to be evaluated for efficacy in each of
these categories. This particular ligand will be evaluated, among other unsymmetrical
NHC complexes, for catalytic activity in C-H bond activation. Its luminescence is also of
interest. Because changing the ligand changes the energy of excitation, a complex
developed with this ligand will emit at a different frequency, one that may be of use in
OLEDs.
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Results/Discussion
The synthesis and isolation of 1-(3-(1H-imidazolyl)phenyl)-4,5-dichloro-1H-imidazole
C2, the precursor to the C5, were ultimately unsuccessful. This section will explore
potential barriers to conversion from the bromophenylimidazole starting material. The
problem of loss of mass in the work-up procedure will also be discussed. Figure 7
illustrates the reaction schema for each attempted synthesis.
1-(3-bromophenyl)-1H-imidazole
The procedure used for coupling one equivalent of imidazole with one equivalent of 1,3dibromobenzene to form the mono-substituted product C1 using 30% copper in DMSO
was optimized by Tyler Howell of the Hollis lab group.20 Howell has used this procedure
as the first step of the synthesis of a number of unsymmetrical CCC-NHC ligands (Figure
8). This procedure was repeated successfully as determined by thin-layer
chromatography (TLC) and nuclear magnetic resonance spectroscopy (NMR).S1 The
yield (36%) was low compared to Howell’s usual yields. Nonetheless, because enough
product was obtained to continue to the next step of the synthesis, the reaction was not
repeated.
Attempted Synthesis of 1-(3-(1H-imidazolyl)phenyl)-4,5-dichloro-1H-imidazole
The attempted copper coupling of C1 with 4,5-dichloroimidazole repeatedly failed to
show any conversion as evidenced by TLC and mass spectrometry (MS).S2 It is possible
that there was some conversion, and that this product formed an insoluble polymer or a
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complex with the copper catalyst. Were this the case, the desired product might have
been lost upon work-up with an alumina column. Such polymerization and complexing
could prevent movement along a TLC plate and would yield m/z values vastly different
from those expected in MS spectra. However, these characterization methods seem
sufficient to conclude that if the desired product is formed, it is in very low yields as the
reaction mixture was consistently demonstrated to consist primarily of starting material.
The energy barrier to the formation of the disubstituted product is threefold. First, the
starting material is deactivated relative to dibromobenzene. This barrier is present even
in symmetrical syntheses, but it may be more difficult to overcome in unsymmetrical
syntheses depending on the exact mechanism of the second addition. Even if this is the
case, the difficulty of a second addition is not insurmountable, as evidenced by Howell’s
work. Therefore, the most important obstacle to formation of the desired product must be
the dichloroimidazole. Indeed, the second major energy barrier is the deactivation of the
imidazole ring by the electron-withdrawing chloride substituents. This coupling is, then,
an attempt to couple a deactivated imidazole with a deactivated aryl halide, which may
account for the failure of the traditional procedures in this case. Even so, there is a third
energy barrier to this coupling that stems from an unfavorable steric interaction between
the 5-substituent of the imidazole and the benzene ring of the phenyl imidazole species in
the intermediate copper species (Figure 9). This interaction was observed by Buchwald
and caused the coupling of 4(5)-substituted imidazoles with the aryl halides to form 4substituted imidazolyl species.7
In addition to the energy barrier, the presence of the chloride substituents on the
imidazole may cause side reactions that prevent formation or isolation of the desired
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products. Possible side reactions include halogen exchanges, coupling of like with like
rather than the desired coupling of imidazole species to aryl species, and the
polymerization and complex formation previously mentioned.
Attempted Synthesis of 4,5-dichloro-1-phenyl-1H-imidazole
Uncertainty over the viability of the established unsymmetrical synthesis procedure for
this case led to the decision to develop a model reaction eliminating the variable of the
deactivated aryl halide. For this reaction, bromobenzene and dichloroimidazole were
submitted to the same reaction conditions as above. The product showed only a single
spot in normal phase TLC, but NMR suggested it was a mixture, and when run on a
reverse-phase TLC plate with 3:2 acetonitrile to water, two spots were visible. Analysis
of the spots by electrospray ionization mass spectrometry (ESI-MS) showed that there
may, in fact, have been some conversion as there are signals in both the positive and
negative ion spectra of the spot at Rf = 0.3 corresponding to the expected m/z value of the
desired coupling product C3, and there are no signals indicating the presence of starting
material. However, these signals are not pronounced and do not show the chloride
isotopic ratio.S7-10
Between preparation of the reaction mixture and analysis of the products, ninety percent
of the mass was lost. This seems to lend support to the hypothesis that the reaction
conditions cause the formation of polymers or complexes that will not elute from an
alumina column, but there are possible ways to account for this mass loss. The first is
that much of the mass was lost in extraction of DMSO. For this reaction, an extraction
using an aqueous layer and a hexanes organic layer was used to remove DMSO because
the vacuum used for the previous reaction was no longer available. No spots appeared in
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the TLC of the aqueous layer, suggesting that material was not retained in this layer.
However, it may be that the aqueous layer was simply too dilute for TLC or that DMSO
prevented proper movement of organic analytes along the plate. The other possibility is
that the starting materials evaporated from solution by the reaction conditions. The
reaction was performed at 150 ˚C, which is near the boiling point of bromobenzene (156
˚C) and is hot enough to sublime dichloroimidazole.21 Performing the reaction under
reflux and using DMSO as a solvent should have prevented most mass loss by these
means, but it is still worth taking into account.
The energy barriers and opportunity for self-coupling caused by the chloride substituents
still exist for this test reaction, and may again be the reason for the ultimate inability to
isolate the desired coupling product. This test managed to more clearly establish that the
deactivation of the aryl halide was not the major obstacle to coupling. It also lends
further, if dubious, support to the hypothesis that side reactions may be what are
preventing the different methods of analysis from suggesting the presence of the desired
product.
4,5-dichloro-1-(4-nitrophenyl)-1H-imidazole
In order to compensate for the problems caused by the dichloroimidazole, a reaction was
designed based on the findings of the Buchwald study.7 Cesium carbonate was used in
place of potassium carbonate because of its higher solubility in DMSO. An aryl iodide
was chosen over an aryl bromide because, even though there is often little difference
between iodide and bromide leaving groups in Ullmann-type couplings, the size of the
iodide ion generally makes it a better leaving group and aryl iodides were selectively
coupled with various imidazoles in the presence of other aryl halides in the Buchwald
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study. An activated aryl iodide, 1-iodo-4-nitrobenzene, was chosen over the simpler
iodobenzene since the former should more readily form the copper-coupling
intermediate. Finally, L6 was used to increase the coupling capacity of the copper
species. This ligand was chosen because it gave the best yields in Buchwald’s reactions
using 4(5)-substituted imidazoles. A fraction of the product was selected for work-up
based on the presence of a peak in the 13C NMR that could correspond to an imidazole
carbon.S13 Positive ion ESI-MS of this fraction suggested that the desired product C4
was formed in low yields.S14-15 Should further investigation prove this to be the case,
increased yields may be obtained by increasing reaction time at lower temperatures.
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Conclusions
The presence of chloride substituents in the 4- and 5- positions of the imidazole forms a
significant barrier to coupling with aryl halides. This barrier might be overcome using
the suggestions from the Buchwald paper: an iodide leading group, an activated aryl
halide, cesium rather than potassium carbonate, and L6 as a ligand for the copper. Future
research should focus on making use of these suggestions in the synthesis of the
unsymmetrical ligand precursor. Once synthesized, the chloride salt should be developed
first in order to avoid possible halogen exchange. This salt can then be metallated and
transmetallated, and the resulting NHC complexes can be evaluated for catalysis,
luminescence, and bioactivity.
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Experimental
1-(3-bromophenyl)-1H-imidazole
One equivalent of 1,3-dibromobenzene (16.40 mL, 135.1 mmol) and one equivalent
imidazole (9.20 g, 135.1 mmol) were added to a round bottom flask with 30% CuO (3.22
g, 40.5 mmol) and 2.4 equivalents of K2CO3 (44.82 g, 324.2 mmol). The mixture was
dissolved in dimethylsulfoxide (DMSO) (175 mL) and heated under reflux with stirring
to 150 ˚C. The reaction was allowed to proceed for 24 h. The reaction mixture was
washed through a fine-fritted filter containing a plug of Celite and activated basic
alumina with isopropanol (IPA) (150 mL). The filtrate was subsequently passed through
a column containing seven times the theoretical yield of basic alumina (210 g), and eluted
with ether (400 mL). The solvent was removed on a rotary evaporator. The result was a
thick, yellow oil consistent with that obtained by Howell. The yield was 10.65 g or
35.5%. The product was characterized by NMR.S1-2 (BS-2-15)
Attempted Synthesis of 1-(3-(1H-imidazolyl)phenyl)-4,5-dichloro-1H-imidazole
One equivalent of the above product (1.00 g, 4.50 mmol) and 1.1 equivalents of 4,5dichloroimidazole (0.684 g, 4.96 mmol) were added to a round bottom flask with 30%
CuO (0.110 g, 1.35 mmol) and 2.4 equivalents of K2CO3 (1.49 g, 10.8 mmol). The
mixture was dissolved in DMSO (10 mL) and heated under reflux with stirring to 150 ˚C.
The reaction was allowed to proceed for two weeks with intermittent checks by TLC and
MS, which both suggested little to no conversion.S3 (BS-2-18)
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Attempted Synthesis of 4,5-dichloro-1-phenyl-1H-imidazole
One equivalent of bromobenzene (0.49 mL, 4.69 mmol) and 1.1 equivalents of 4,5dichloroimidazole were added to a round bottom flask with 10% CuO (0.040 g, 0.469
mmol) and 2 equivalents K2CO3●1.5H2O (1.55 g, 9.39 mmol). The mixture was
dissolved in DMSO (15 mL) and heated under reflux with stirring to 150 ˚C. The
reaction was allowed to proceed for two days. TLC showed multiple spots so the
reaction mixture was washed through a fine fritted filter containing a plug of Celite and
activated basic alumina with 10:1 methylene chloride (DCM) to IPA. The DCM and IPA
were removed on the rotary evaporator, and DMSO was extracted into water with
hexanes in a separatory funnel. The solvent was removed on a rotary evaporator, and the
resultant oil was massed at 0.10 g or 10% of the theoretical yield. Characterization by
NMR and MS did not suggest that the desired product was isolated.S4-10 (BS-M-1)
4,5-dichloro-1-(4-nitrophenyl)-1H-imidazole
One equivalent of 4-iodo-1-nitrobenzene (0.968 g, 3.89 mmol) and 1.1 equivalents of
4,5-dichloroimidazole (0.582 g, 4.28 mmol) were added with 10% CuO (0.031 g, 0.389
mmol) and Cs2CO3 (1.58 g, 4.86 mmol) to a round bottom flask. The mixture was
dissolved in DMSO (15 mL) and heated under reflux with stirring to 110 ˚C overnight.
TLC seemed to still show starting material so the temperature was increased to 150 ˚C for
one more day. The DMSO was extracted with water using DCM as the organic layer
(Note: may be advisable to pass through Celite first because the extraction formed an
emulsion that necessitated filtration through Celite to correct). The organic layer was
passed through a silica gel column and eluted with 7:2:1 hexanes to ethyl acetate to IPA
(300 mL). Different fractions were combined based on TLC and four yellow to orange
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solids resulted from removal of solvent. The first of these (at Rf = 0.6 on a silica TLC
plate using the eluting solvent) was selected for further work-up based on 13C NMR. It
was recrystallized from hexanes (under pressure to increase the boiling point) and
characterized by NMR and positive ion ESI-MS. The yield after the recrystallization was
0.11 g or 11% of the theoretical yield. The NMR spectra of the other three solids are also
attached.S11-21 (BS-M-2)
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Figure 1: Walsh Diagram of methylene showing the two extremes. On the left, the Cand D-orbitals are completely degenerate, the geometry is completely linear, and the
ground state is the triplet state. In the middle, the molecule is completely bent, C- and Dorbitals are degenerate, and the ground state is the triplet state. On the right are the Cand E- orbitals once secondary mixing is taken into account. Adapted from Anslyn and
Dougherty.22
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Figure 2: The ligands evaluated by Buchwald. The one used in this work is L6, the 8hydroxyquinone.7
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Figure 3: Possible catalytic cycle for the copper coupling employed here. Adapted from
Buchwald.7

Figure 4: Examples of blue-emitting NHC complexes.15
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Figure 5: Some examples of complexes synthesized by the Hollis group. H1 is the
prototypical Hollis ligand. This is metallated to form the CCC-NHC pincer complex.
X=Cl, Br, I.17 H2 is an example of an early transition metal NHC complex.18 H3 is a
blue emitter.19 H4 is a catalyst for hydroaminations.23

Figure 6: A list of attempted and planned target products for the current work.
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Figure 7: Reaction schema for the syntheses attempted in the current work.
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Figure 8: The unsymmetrical ligand salts synthesized by Howell of the Hollis group.
For U1-2 and U4-6, X=I. For U3, X=Cl, I.20

Figure 9: Illustration of the steric hindrance to the coupling of 4,5-dichloroimidazole
with an aryl halide using the proposed copper (III) intermediate from the C5 synthesis.
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